Advanced computational models of hypersonic air-breathing combustion processes are being developed to better understand and predict the complex flows within a dual-mode scramjet combustor. However, the accuracy of these models can only be quantified through comparison to experimental databases. Moreover, the quality of computational results is dependent on accurate and detailed knowledge of the combustor inflow and boundary conditions. Toward those ends, this paper describes the initial results of a unique, close collaboration of experimental and computational approaches. Detailed computational fluid dynamics (CFD) and finite element thermal-structural analyses (FEA) have been performed throughout the design and implementation of a direct-connect scramjet combustor operating at steady state during long duration testing on the order of an hour or more.
Nomenclature

H
= fuel injector normal ramp height x = axial coordinate  = specific heat ratio φ = fuel equivalence ratio
I. Introduction
The accuracy of numerical models for predicting scramjet operation and performance is improving. However, assessment and validation of these models still relies largely on test data taken in ground based wind tunnels. Typically, experimental and computational development efforts are decoupled and often separated by years if not decades in time. For example, the Burrows and Kurkov database was published in 1973 1 and is still used as a classic case study for validating computational fluid dynamics (CFD) models today, particularly in the presence of a vitiated freestream. Furthermore, many experiments rely on a limited number of flow diagnostic methods that give an incomplete basis for evaluating numerical results. The scramjet flowpath at the University of Virginia Supersonic Combustion Facility (UVaSCF) has been used as a basis for several recent CFD validation studies that relied exclusively on measured wall pressures as the means of comparison. [2] [3] [4] [5] Highly detailed experimental data sets suitable for more complete model validations have generally been limited to simple flows, such as the OSD/TRMC Test Media Effects coaxial supersonic combusting jet, that lack many characteristics of a scramjet combustor. 6, 7 The current state of the art data set for supersonic scramjet combustion is due to the SCHOLAR experiment, which evaluated temperature and flow composition in a representative scramjet combustor using the dual-pump Coherent Anti-Stokes Raman Scattering (CARS) technique. 8, 9 However, the short duration of test runs in that experiment resulted in poorly converged turbulent fluctuation statistics and limited spatial resolution.
The National Center for Hypersonic Combined Cycle Propulsion (NCHCCP) was established to support research efforts in better understanding and predicting key physics as a turbine-based combined cycle flight vehicle transitions from a turbine-based low-speed flight regime to scramjet-based high Mach number flight. 10 The work described in this paper focuses on the dual-mode scramjet with flight Mach numbers in the range of 4 to 6. Here a flight vehicle would be expected to transition from a subsonic ramjet mode of combustion to a supersonic scramjet mode of combustion. Items of specific interest to the NCHCCP include shock-boundary layer interactions and wall separation and turbulence in the isolator, and reactant mixing, finite rate chemistry, turbulence/chemistry interactions, and ignition/flame stabilization in the combustor.
Significant insight has been gained by bringing experimental and numerical efforts together in such a way that the experimental database provides the maximum benefit to the numerical modeling effort and vice versa. For example, decisions about the nature and location of measurements in the experimental flow are informed by the requirements of the modeling experts. Similarly, a much greater understanding of the experimental conditions and parameters is available because the testing effort is current. The close-collaborative effort described in this paper is closed by a loop that includes Experiment, Finite Element Analysis (FEA), and CFD ( Figure 1 ). The approach evolved after initial design efforts proved inadequate and hardware failures forced the redesign of several testsection components. This led to the development of a detailed finite element model to understand the thermalmechanical behavior of the hardware. Preliminary CFD results provided boundary conditions for the FEA, which was in turn used to guide experimental hardware improvements. As the experimental database grows, it is expected that FEA will be used to provide more detailed thermal boundary information for the CFD than can be generated from the experimental results alone. Significantly, reference 5 used a finite element model to assess thermal deformation of the flowpath and fed that information back to the CFD analysis with good results. This approach is also a possibility with the current research, which is distinguished from that previous study by the level of detail in both the FEA and CFD models as well as by the integration of CFD results into the design phase of the test-section hardware.
The experimental database is ultimately expected to include surface pressures, wall temperatures, focused schlieren imaging, Stereoscopic Particle Image Velocimetry (SPIV), Tunable Diode Laser Spectroscopy/Tomography (TDLAS/T), CARS, and Planar Laser Induced Fluorescence (PLIF). Combined, these diagnostics will result in the measurement of: static pressure and temperature, species concentration (N2, O2, H2, CO, CO2 , H2O, hydrocarbons and OH (qualitative)), scalar correlations, three-component velocity, threecomponent turbulence intensity (RMS), density, Reynolds stresses, and mass and energy fluxes. The experiments initially focus on a dual-mode scramjet with linage to flowpaths tested under NASA funding. 2, [11] [12] [13] Later testing will focus on hydrocarbon fuels and a combustor geometry similar to one that was developed by AFRL for HIFiRE Flight 2. This paper presents the experimental approach used, hardware design, and a discussion of the FEA, followed by a description of the facility and experimental test conditions. Details of the focused schlieren and SPIV diagnostic techniques are included. A sample of the developed experimental database is then presented with conclusions. Details of the CARS and TDLAS techniques and measurements are presented elsewhere by Culter and Goldenstein, respectively. 14, 15 The numerical modeling effort includes both time averaged (RANS) and time accurate (hybrid LES-RAN) approaches and is presented by Edwards. 16 Comparisons of CFD with the experimental results are also presented in that paper.
II. Experimental Approach
Three focus areas have been identified to guide the experimental approach: 10 1) measurement of reacting flow turbulence statistics and novel fuel-air mixing and flameholding schemes through the development and application of advanced diagnostics, 2) development of benchmark data sets with quantified experimental uncertainty for the purposes of developing accurate RANS, hybrid LES/RANS, and LES models, and 3) generation of performance improvements of combined cycle systems and the development of methods for controlling combined cycle modetransition.
The dual-mode scramjet experiments are being conducted with the aim of examining the flow processes that take place in the isolator and combustor in the flight Mach number regime of 4 to 6. Specifically, the experiments employ a direct connect scramjet combustor that is operated at Mach 5 enthalpy using the UVaSCF. The combustor has been designed to provide excellent optical access for the application of advanced optical measurement techniques such as CARS, SPIV, TDLAS/T, and PLIF. The experimental flowpath geometries were chosen with significant consideration given to the requirements of CFD validation.
Several flowpaths have been developed to support the NCHCCP activities ( Figure 2 ). All start with a Mach 2 facility nozzle and additional test-section components may be included or omitted according to the needs of a particular experiment. Initial measurements have been performed on Configuration A, which has just a short constant area section upstream of the combustor. This geometry was chosen so that the inflow to the combustor is as close to the exit of the facility nozzle as possible. Fuel equivalence ratios and heat release in the combustor are limited such that a thermal throat is not achieved making the combustion process supersonic in a one-dimensional sense. These conditions reduce the thickness of the boundary layer upstream of fuel injection and preclude a precombustion shock train in the isolator, making it easier to quantify the inflow experimentally and simulate the flow numerically.
Configurations B and C incorporate a constant area section (noted TDLAT in Figure 2 ) downstream of the fuel injector that compresses the flow. Preliminary CFD analysis indicates this feature will promote flameholding in the combustor. This section will also provide a convenient measurement location for CARS, SPIV, and TDLAS/T. Configurations C and D include a longer constant area isolator upstream of the combustor section to provide for more classical dual-mode scramjet operation with a pre-combustion shock train developing in the isolator.
Returning to Configuration A, the focus of this paper, the upstream constant area portion of the flowpath is a 2.6" long rectangular duct with a 1"x1.5" cross-section. A 2.9° divergence on the injector-side wall starts at the leading edge of the unswept ramped fuel injector and continues to the exit of the scramjet. The compression ramp is inclined 10° with respect to the diverging wall (7.1° with respect to the incoming flow) and fuel injection is through a Mach 1.7 conical nozzle in the base of the ramp that is parallel to the face of the ramp. The ramp is 0.5" wide and 0.25" high. The scramjet terminates with an atmospheric backpressure at the exit, 14.4" downstream of fuel injection. The exit of the combustor is 18.5" from the exit of the Mach 2 nozzle. All components in the flowpath were constructed of stainless steel and the walls in the combustor section, including the ramp, were coated with a 0.015" thick layer of thermal barrier zirconia. 
III. Hardware Design
The main objectives in the design of the test-section hardware were to achieve a modular combustor and to provide excellent optical access. Modularity is required to support the various diagnostic techniques and to enable at least two different fuel-injection schemes. SPIV, PLIF, focused schlieren, and TDLAS/T require wall-to-wall optical access with maximum access in the flow direction preferred. TDLAS/T also requires an accommodation for wedged windows while the other techniques use flat windows with parallel faces. The CARS technique requires specially designed walls featuring small slots and a stand-off window mount to prevent failing the windows with the high intensity laser beams. For hydrogen fueled tests, an unswept ramp fuel injector has typically been used in this facility. However, hydrocarbon fuels require longer residence times for combustion and therefore a cavity flame holder will replace the unswept ramp for that portion of NCHCCP testing.
The modular design objective is achieved with a cage support structure that can accommodate any number of potential flowpath walls. Figure 3 shows an exploded view of the combustor section. The cage support structure in the center houses the various walls that serve to form the flowpath. Each wall seals with an o-ring on the outside of the cage. Adjacent test-section components such as the isolator and extender attach to the top and bottom of the cage and are similarly sealed with o-rings. The cage construction approach allows particular walls to be replaced without disassembling the entire test-section. For instance CARS walls can be inserted in place of the large windows without removing the fuel injector or extender section.
The window frames have been designed to minimize window cracking and frame obstructions while also allowing for easy cleaning. The frames accommodate flat or wedged windows and the glass is sealed with high temperature ceramic paper gaskets. Specific walls were designed for the CARS technique, which feature small slots and a stand-off window mount. In addition to optical access, the combustor and extender sections have been equipped with internal wall thermocouples, external wall thermocouples, low-frequency pressure taps, and highfrequency pressure taps.
Figure 3. Combustor section exploded view.
All parts of the test section must be able to withstand high heat loads and maintain an air-tight seal. The combustor and extender sections feature extensive internal water cooling to minimize thermal distortions and protect the o-rings. In addition, the fuel injection wall in all sections has a 0.015" thermal barrier zirconia coating.
Initial design of the test-section components was based on past experience and engineering best practices. However, a major advance in the design is the large windows that allow full optical access to the combustor and this unfortunately led to significant hardware failures. Upon initial testing of the combustor, the windows experienced high stresses and failed due to thermal deflection of the frames. Permanent thermal distortion of the extender section and thermal failure of the top o-ring was also encountered. This is the point of the process that the FEA portion of Figure 1 emerged as a critical component. A very detailed finite element model of the entire test-section was constructed to help guide improvements and eliminate hardware failures. Thermal boundary conditions from initial CFD studies were used in the FEA and the analysis was validated against the limited experimental thermal data available. These efforts revealed shortcomings in the initial design and suggested relatively inexpensive approaches to solve them. Titanium was identified as a better material choice for the frames that were experiencing high thermal loads. The FEA showed that titanium frames, along with increased clearance around the glass, would reduce the window stresses significantly. Thermal distortion of the extender components was eliminated by adding additional interior cooling lines in locations identified as critical by the FEA. Finally, a serpentine cooling loop was added to the combustor cage to provide additional protection to the o-rings. Since implementation of these design modifications, the experimental effort has progressed quickly. Window and oring failures have been eliminated completely and design of additional hardware components has progressed with additional confidence provided by the FEA. Figure 4 shows an isometric view of the solid model for Configuration C. Large windows in the isolator, combustor, and TDLAT section provide excellent optical access throughout the flowpath. The unswept ramp fuel injector and diverging wall can be seen on the bottom wall in the combustor section. The hardware for initial investigation of Configuration C has been fabricated. Although windows will not be placed in the isolator or TDLAT sections during initial testing, it is expected that all flow diagnostics will eventually be applied to this flowpath configuration for both ramjet (subsonic) and scramjet (supersonic) modes of combustion. Figure 5a shows the finite element mesh for the scramjet combustor. The model was executed using the ANSYS TM commercial finite element package. Solid models of the geometry including all internal flowpaths were imported and meshed using accepted FEA methodologies. Non-linear, temperature-dependent material models for stainless steel or fused silica were assumed in all of the modeled components. Bolted connections between the major test-section components were modeled explicitly with conventional non-linear contact elements to allow for realistic heat transfer and relative motion at the joints. Contact elements were also included between the bolted flanges of the combustor side walls and the cage. However, because of the large number of fasteners on the bolt circle, these joints were considered to be bonded together with no relative motion allowed. Heat transfer coefficients for the coolant flowpaths were calculated based on measured coolant flow rates and temperatures and applied using thermal fluid surface effect elements.
IV. Finite Element Analysis
The heat transfer model for the flowpath walls proved to be a little more difficult. CFD results were found for two flowpath boundary conditions for a reacting case at  = 0.39. This fuel level was higher than expected fuel rates for the experiment and therefore represents an upper bound on the expected heat flux that would be delivered to the combustor walls. The first case assumed adiabatic walls while the second assumed a conjugate heat transfer model that is available in many CFD software packages. The results of these two CFD runs were used to develop maps of adiabatic wall temperature and heat transfer coefficient for each of the four flowpath wall surfaces. The thermal zirconia coating was not modeled explicitly, but rather an insulating model was applied to the heat transfer coefficient in these areas such that the temperature calculated in the finite element model would be the temperature at the metal surface, underneath the coating. Comparison to measured wall temperatures indicated that this initial heat transfer model was significantly overpredicting the amount of heat transferred to the flowpath walls and a derating factor of 0.35 was applied to the heat transfer coefficients in order to give a more realistic thermal picture.
Figures 5b and 5c show the mapped adiabatic wall temperatures and heat transfer coefficients respectively. The thermal results of the FEA are shown in Figure 5d . Table 1 compares the measured temperature with the FEA calculated temperature at six points along the centerline of the fuel injector wall. The agreement is generally within 10% of the measured value, although at x/H = 10.06 the FEA result is significantly higher than measured. Fortunately, this agreement is reasonable for guiding design decisions as discussed previously. Significant design improvements included adding additional internal cooling to the cage and extender components, replacing stainless steel window frames with titanium and increasing clearances around the glass, and using Belleville washers on the bolts between the combustor and extender to allow for small amounts of differential thermal growth. 
V. Facility and Flow Conditions
The experiments were conducted using the UVaSCF. This facility is an electrically heated, continuous flow, direct-connect scramjet wind tunnel. It is capable of simulating up to Mach 5 flight enthalpy and provides a clean test flow that is free of contaminates such as those from a vitiation heater. Facility run times are on the order of hours with steady-state heating and fuel conditions. Coupled with the optical access in the tunnel and proximity to laser diagnostics labs, the facility is well suited to the application of the advanced optical diagnostics required by the NCHCCP. The facility flow conditions are presented in Table 2 and these conditions were typically maintained to within ±1% during a run and across multiple runs. The facility is fully described elsewhere. [16] [17] [18] The static fuel temperatures listed in Table 2 are below the autoignition temperature of hydrogen. However, following ignition by an outside source, the flame is self-sustaining. This means that measurements can be taken for the case of fuel-air mixing and then repeated at the same conditions for fuel-air reacting allowing for direct examination of the effect of heat release due to combustion on the fuel-air mixing and combustion processes. Ignition has been accomplished in two ways for Configuration A. The first method is a detonation wave igniter system in which a mixture of hydrogen and oxygen is ignited with a spark plug. Radicals from that detonation process are introduced to the tunnel immediately downstream of the fuel injector. More recently, ignition has been achieved by lowering the total pressure in the tunnel, which brings the onset of the exit shock train due to the atmospheric back pressure upstream. When the tunnel total pressure is lowered far enough, combustion in the shock
train is able to propagate upstream along the combustor walls to the fuel injector. This later method has become the preferred approach in the current experiment as ignition occurs over a longer period of time, making the rise in wall pressures and temperatures due to ignition more gradual than with the wave igniter. thermocouple unit were used to acquire wall pressures and temperatures along the centerline of the fuel injector wall in the scramjet flowpath. Typically, a scan of 20 samples was acquired over 2 seconds at a sample rate of 10 Hz for each pressure tap and thermocouple. This data was then averaged and normalized by the measured pressure at the most upstream pressure tap (located 0.25 in. downstream of the facility nozzle exit) prior to plotting. Pressure and temperature were typically measured to within ±0.5% and average quantities typically had a 95% confidence interval of no more than ±1.5%.
VI. Flow Diagnostics -Focused Schlieren and SPIV
Focused schlieren was used to visualize the shock and large-scale turbulent structures around the fuel injector. Weinstein's modern focused schlieren system 19 was used, employing a Fresnel lens and a high-quality camera lens (85mm-focal length and f/1.4). The camera lens was placed very close to the tunnel window to achieve a narrow depth of field of approximately roughly ±5mm. The depth of field for the present system was experimentally determined using a 1 mm diameter over-expanded supersonic jet. This very narrow depth of field mitigated the effect of thermal distortion in the tunnel windows. The light source was a double frequency Nd-YAG laser with a pulse width of 10ns. The short duration pulse light captured the instantaneous structure of the flowfield. The laser beam was diffused once by foaming polypropylene sheets to make an extended light source and collected by the Fresnel lens to increase the light-collection efficiency. The diffused beam illuminated a source grid that consisted of multiple, alternating dark bands and clear aperture. The source grid was made photographically and placed to emphasize density gradients in the streamwise direction. Light from the source grid was focused by the camera lens placed 110mm from the object plane. The schlieren lens then formed an image of the source grid and that of the object plane of the combustor center in each plane optically conjugate to them. The cutoff grid was made by photographically exposing and developing a negative image of the source grid on high-contrast lithographic film. Another Fresnel lens was placed on the imaging plane and the lens relayed the focused schlieren image to a CCD camera. After image acquisition, the images were post-processed by a nonlinear unshaped masking operator to enhance the edge of the structures and to eliminate any uneven exposure due to the thermal distortion of the windows.
Particle Image Velocimetry (PIV) is an optically based, non-intrusive measurement technique for determining velocity from the displacement of particles that have been added to the flow under investigation. Full descriptions of the technique have been published elsewhere. 20, 21 For the simple two-dimensional PIV technique, one camera is positioned to view a portion of the flow illuminated by a laser lightsheet. SPIV extends the technique to threedimensions in by employing two cameras that view the flow from different perspectives. Two-component (2C) velocity vectors from each camera are combined using a predetermined image-to-world mapping function to produce a three-component (3C) velocity field. The SPIV measurements of the scramjet combustor flowfield presented here were completed using an experimental configuration similar to that employed for previous SPIV measurements in a different combustor configuration. 22 The two cameras were placed on the same side of the laser sheet, each angled at 30 degrees from perpendicular to the sheet. The sheet was set to a thickness of 2.5 mm and the time between laser pulses was 400 ns. The tracer particles added to the flow were 0.25 micrometer diameter silicon dioxide particles.
The measurement plane for the SPIV experiment was located at X/H = 12, which is the middle of the three measurement planes downstream of the fuel injector indicated in Figure 2 . Fuel-air mixing and fuel-air combustion experiments were conducted for a fuel equivalence ratio of  = 0.17. For all of the results presented in this paper, only the fuel was seeded and the lasersheet used to illuminate tracer particles did not extend completely to the injector wall of the combustor, but instead stopped approximately 2 mm from the wall, which was necessary to avoid reflections. Disregarding mismatch of 2C vectors from each camera, which is mitigated using advanced calibration algorithms, the uncertainty of 3C velocity vectors is due to the uncertainty in measurement of particle displacements and uncertainty in time between laser pulses. Previous studies have shown that a displacement uncertainty of 0.1 pixels is expected for well-constructed SPIV experiments 23 and the time uncertainty for the experiments presented here was found to be ±4ns, or 1% of 400ns pulse separations. Using these values along with the known camera pixel size, lens reproduction ratio (1:3.5), and configuration geometry, the uncertainty on the axial velocity component measurements was estimated as ±15.8 m/s. For a SPIV configuration with a camera angle of  = 30 0 , the error associated with the out-of-plane velocity component is approximately 1.7 times the cross-plane error. 24 Therefore, the uncertainty for the cross-plane velocity component for these measurements was ±9.3 m/s. While, the uncertainty in displacement (0.1 pixels) remains approximately fixed, the relative uncertainty is greater for areas of lower velocity flow near the injector wall. Smaller relative uncertainty exists for areas near the center of the combustor duct where flow velocity is high.
VII. Results
Typical averaged pressures and temperatures for the fuel injector wall are shown in Figures 6 and 7 , respectively. The temperatures are measured at the surface of the metal, underneath the zirconia coating. Temperatures on the surface of the zirconia can be expected to be on the order of 100 to 200 degrees higher. Results are shown for the cases of fuel off, fuel-air mixing at φ = 0.17, and fuel-air reacting at φ = 0.17 and 0.34. Axial distances are normalized by the normal height of the ramp and are referenced to the point of fuel injection while pressures are normalized by the pressure at the most upstream axial station at the exit of the facility nozzle (37 kPa).
Referring first to the fuel off distribution, the presence of the ramp can be seen to result in a shock wave that is evident at x/h = -6. This is followed by an expansion at the base of the ramp. Reflection of these waves follows downstream before a rise in pressure at x/h = 20 that is the result of the 1 atmosphere backpressure on the flowpath at x/h = 58. When fuel is introduced into the flowpath but not ignited, it can be seen in Figure 6 that the pressure distribution is only slightly changed from the fuel-off case. The minor changes are the result of the presence of the fuel jet and the changes in flow properties that result as the fuel and air mix. The only significant changes in the temperatures are a cooling of the fuel injector due to the cooling effect of the hydrogen and a rise in the te mperature at the exit where unburnt fuel is ignited by the terminal shock train.
When the fuel-air mixture is ignited, it can be seen that combustion leads to a significant pressure increase in the scramjet flow path. Importantly, the pressure rise does not extend upstream of the ramp fuel injector for these equivalence ratios. This mode of combustion is referred to as the scram mode. The inflow just upstream of the ramp is supersonic and the flow downstream is a mixture of supersonic and subsonic flow. However, in an averaged onedimensional sense, the flow remains supersonic. Since the inflow is supersonic, there is still a shock generated pressure rise caused by the ramp and this is evident at x/h = -6. However, unlike the mixing and fuel-off cases, the pressure monotonically increases downstream of the fuel injector all the way to the exit of the combustor at x/h = 58. In Figure 7 , it can be seen that in the presence of a flame, wall temperature rises steeply immediately downstream of the fuel injector and then tapers off moving further down the flowpath. Again, there is a final rise in wall temperature very close to the exit at the termination of the shock train. Figure 8 shows a sample image taken using the focused schlieren technique described previously. This image was taken during a fuel-aire reacting case with φ = 0.17 The downsteam end of the fuel injector ramp is in the lower left corner of the image. Turbulent structures in the fuel plume downstream of the injector are clearly visible, as is the strong shock due to combustion starting at the trailing edge of the ramp. Figure 9 shows sample SPIV data that resulted from averaging 500 instantaneous SPIV velocity fields. The coordinate axes define the combustor cross-section at the X/H = 12 measurement plane, that is 31.3 mm x 38.1 mm, and the color scales show the magnitude of the three-component velocity vectors. The origin in each figure corresponds to the combustor centerline in the duct before the start of divergence of the injector wall. The SPIV results for the fuel-air mixing case clearly show the influence of the two counter-rotation vortices induced by the ramp fuel injector. It also can be seen that the velocity is nearly constant across the fuel plume, with a velocity magnitude (approximately 1000 m/s) near that predicted by theory. The results for fuel-air combustion are much more interesting. The velocity near the injector wall is much lower than the fuel-air mixing case, due to the heat addition from combustion, and this slow velocity region is confined to a relatively small area near the ramp induced vortices. Moving from the injector wall toward the center of the tunnel, the velocity clearly increases from approximately 100 m/s in the area near the vortices to nearly 900 m/s near the center of the duct. The ramp induced vortices can again be observed for the fuel-air combustion case, although they appear to be weaker for combustion than for mixing. Furthermore, turbulence intensity also increased for the fuel-air combustion case over the mixing case.
CARS, PLIF and TDLAS measurements complete the database and are presented elsewhere by Cutler ASM 2012 session 19-HABP-1) and Goldenstein (ASM 2012 session 234-APA-36). TDLAT has not been performed in Configuration A, but will be applied to future NCHCCP experiments. Details of the numerical modeling effort are presented elsewhere by Edwards (ASM 2012 session 19-HAPB-1). Initial comparisons of experimental measurements with RANS and hybrid LES/RANS results are very encouraging. 
VIII. Conclusion
An ongoing set of detailed dual-mode scramjet combustion experiments is being performed under the auspices of the NCHCCP. These experiments represent a significant step forward in the level of understanding of these complicated, high-temperature, high-speed flows and the resulting database. A parallel effort within the NCHCCP is tasked with using the resulting database to develop and validate improved numerical modeling tools for this flow regime. The level of collaboration between the experimental and numerical groups associated with this effort is unique and has helped guide the selection of experimental flowpath geometries and diagnostic techniques. This collaboration was made even more intimate when initial experimental efforts resulted in several significant hardware failures. Development of an additional computation tool, a sophisticated finite element model, has allowed for rapid design and implementation of hardware improvements by bridging the gap between the experimental testsection hardware and the CFD models. Future efforts may look to take high-fidelity results from the FEA and truly close the loop by feeding boundary condition information back to the CFD. The next set of experiments will focus on Configuration C, which will allow classical dual-mode operation of the scramjet flowpath, followed by hydrocarbon experiments with a cavity flameholder.
